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ULTRASONIC TRANSDUCER USING ULTRA
HIGH FREQUENCY

BACKGROUND OF THE INVENTION

The present invention relates to ultrasonic transduc-
ers for use with devices using high frequency acoustic
radiation and more particularly to such transducers
which are suitable for use in acoustic microscopes.

Recent advances in the generation and detection of
high frequency acoustic waves extending up to 1 GHz
have made possible an acoustic wave length of about 1
micron under water, giving rise to the availability of an
acoustic microscope.

More particularly, an acoustic wave beam of an ex-
tremely small size is produced which is projected on a
target specimen and the propagation loss of acoustic
radiation due to reflection, scattering and penetrant
attenuation at the target is detected to obtain informa-
tion representative of the elastic properties of the target.
In order to apply this principle to an acoustic micro-
scope, a surface of the specimen is scanned two-dimen-
stonally with the focused acoustic wave beam and the
perturbed energy is displayed on a cathode-ray tube in
synchronism with the scanning.

In such an apparatus, the resolution which is a funda-
mental characteristic of this type of apparatus depends
on the extent to which the size of the acoustic wave
beam is reduced. A prior art ultrasonic transducer, as
shown in FIG. 1, directed to such a reduction in beam
size has a cylindrical crystalline body 20 as an ultrasonic
wave propagation medium of sapphire, for example,
with one flat surface optically polished and an opposite
surface formed with a concaved recess 25. An RF elec-
tric signal produced from an electric signal source 10 is
applied to a piezoelectric film 15 which in turn transmits
an RF acoustic wave in the form of a plane wave into
the crystalline body 20. The acoustic plane wave is
focused at a given focal point F by means of a positive
acoustical lens 40 formed at an interface between the
arcuate recess 25 and an ultrasonic wave focusing me-
dium 30, typically water. As well known in the art, a
sufficiently small ratio between focal length and aper-
ture size, that is, a sufficiently small F-number of the
lens can contribute to generation of the ultrasonic wave
beam of a small size which approximates its wave
length. When irradiating this beam onto a target, per-
turbed ultrasonic energy is produced from the target.
For reception of the perturbed energy, it is possible to
employ either a reflection mode using the same crystal-
line body and piezoelectric film shown in FIG. 1 or a
transmission mode using a crystalline body and a piezo-
electric element, similar to those of FIG. 1, which are
positioned confocally.

Let R, Cjand C; denote a radius of curvature of the
concaved ultrasonic lens 40, the speed of sound in the
lens material and the speed of sound in the focusing
medium, respectively. Then, a front-face focal length F
is,

F = e (1)

1 — C/Cs

and a back-face focal length F’ is., -

F=R(Cy/C5)

(2)
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The lens effect can be determined by multiplying a
sound pressure distribution on the back-face focal plane
by a pupil function of the lens and subjecting the prod-
uct to a two-dimensional Hankel transformation. Ac-
cording to a lens theory in optics, for-the sake of obtain-
ing good focussing effect, it is required that the sound
pressure distribution lie on the back-face focal plane and
that the sound pressure distribution on the back-face
focal plane be of a uniform amplitude and phase of a
plane wave or subject to a Gaussian distribution in re-
spect of amplitude and phase of a plane wave. Another
amplitude distribution may also attain the focussing
effect but it requires a great number of multi-lens sys-
tems for elimination of the lens aberration and is imprac-
tical for industrial purposes.

When the piezoelectric film shown in FIG. 1 is
driven, the sound pressure distribution occurs on the
back-face focal plane inside the lens and assumes a so-
phisticated pattern under the influence of the interfer-
ence of acoustic wave. Therefore, it is of a great signifi-
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2p, of the piezoelectric film, distance 1 between the film
and the back-face focal plane of the lens, and aperture
size 2a of the lens.

Various sound pressure distributions of the acoustic
wave transmitted from the piezoelectric film to the
interior of the lens are graphically shown in FIG. 2 by
using the above values. In the figure, a curve on the left
of the ordinate axis represents a sound pressure distribu-
tion along the lens axis and curves on the right represent
orientational distributions at distances in terms of nor-
malized 1 by ps2/A, A being the wavelength of acoustic
wave used. It will be appreciated that within a distance
of 1 (one) or po?/A from the piezoelectric film covering
a so-called near field, sophisticated patterns occur
which are due to the interference of the acoustic wave
whereas outside the distance of 1 or in a so-called far
field, a Gaussian-like (strictly, Airy function) distribu-
tion occurs. Here, p,2/A is usually called a Fresnel focal
distance. |

Therefore, in a first prior art lens design, p,, 1 and a
are so designed as to yield the far field sound pressure
distribution on the back-face focal plane of the lens by
determining 1=p,%/A and a=p,. Thus, as will be seen
trom FIG. 2, the acoustic wave obviously assumes the
Gaussian-like sound pressure distribution on the back-
tace focal plane. More specifically, as shown in FIG. 3,
the acoustic wave which is expected to assume the
sound pressure distribution at point A, (corresponding
to point B in FIG. 2) which is distant from the piezo-
electric film by p,2/\ is irradiated onto the lens having
an aperture of 2a (=2p,).

Pursuant to a second lens design, the distance be-
tween the back-face focal plane of the lens and the
ptezoelectric film is reduced to an extent that no inter-
ference of ultrasonic wave occurs. While this second
design has many applications in the range of MHz fre-
quencies, it is almost impractical in the range of GHz
frequencies. Because with sapphire as a lens material,
the ultrasonic wave at 1 GHz has a wavelength of about
11 pm and there needs preparation of an extremely thin
lens. Therefore, the first prior art lens design alone is
practical.

The arrangement according to the first prior art lens
design, however, is disadvantageous as will be de-
scribed below.

In the first place, as the frequency increases, the Fres-
nel focal distance p,2/A increases accordingly, a disad-
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vantage thereby being that ultrasonic attenuation in the
crystalline body forming the lens is aggravated and the
cost’ for material is increased. For p, being 1 mm, for
example, p,2/A for sapphire is drastically prolonged,
amounting to about 91 mm with an accompanied attenu-
ation of 5 dB. For a fused silica lens, p,2/A is 166 mm
and the attenuation is 54 dB.

In the second place, when the acoustic wave 1s neces-
sarily increased in frequency to increase the resolution
of the acoustic microscope, it suffers from a large atten-
uation within the focusing medium (typically water) in
which it is focused. Accordingly, in order to obtain a
high resolution, a lens is needed having a small aperture.
Reduction in lens aperture corresponds to reduction in
po2/A so that in compliance with the reduced lens aper-
ture, it is necessary to prepare a piezoelectric film of a
reduced diameter of the same size. For 1 GHz, for ex-
ample, the desirable lens aperture is 100 pm but a piezo-
electric film of the corresponding 100 pm aperture is
difficult to prepare and to handle and in addition, has a
high impedance level for which the impedance match-
ing is difficult at RF electric signal supplied.

As described above, the prior art has many difficul-
ties for production of an ultrasonic transducer since it
requires an extensively elongated crystalline body and a
piezoelectric film of a reduced diameter of the same size
as the reduced lens aperture.

SUMMARY OF THE INVENTION

An object of the present invention is to provide an
ultrasonic transducer using ultra high frequency
wherein attenuation of the acoustic wave can be mini-
mized. | |

Another object of the invention is to provide an ultra-
sonic transducer which can yield a high resolution even
with a piezoelectric element of a larger aperture than
that of a lens. '

To attain the above objects, the present invention is
featured by an acoustic wave propagation medium hav-
ing an axial length which is 1/N (N: odd number greater
than one) of a Fresnel focal distance.

Specifically, the present invention analyzed the sound
pressure distribution to find, within the Fresnel focal
point, axial points at which Gaussian-like distributions
of sound pressure take place and which correspond to
1/N (N: odd number greater than one) of the Fresnel
focal distance, and the present invention is based on this
analytical result.

- BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view to show construction and
operation of a prior art ultrasonic transducer.

FIG. 2 is a graphical representation to show sound
pressure distributions of the acoustic wave beam.

FIG. 3 is a diagrammatic representation to show a
sound pressure distribution as applied to the prior art
transducer. | |

FIG. 4 is a diagrammatic representation to show a
sound pressure distribution as applied to an ultrasonic
transducer according to the present invention.

FIG. 5 is a schematic view to show an ultrasonic
transducer embodying the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The present invention has made a mathematical ap-
proach to sound pressure distributions in the near field
which are normally difficult to analyze to find that

10

4
Gaussian-like sound pressure distributions pursuant to
an optical lens theory take place within the Fresnel
focal distance. It was then proven that a lens subject to

such a sound pressure distribution which occurs at a

back-face focal plane of the lens can yield a good focus-
ing characteristic.

To detail with reference to FIG. 2, as far as the major
beam is concerned, a Gaussian-like sound pressure dis-
tribution takes place at an axial point other than py?/A
point, for example, at point Aj. |

Thus, in accordance with this invention, as shown in
FIG. 4, the acoustic wave with the sound pressure dis-
tribution taking place at point A3, for example, which is

- distant from a piezoelectric element by Paz/ 3A 1s irradi-
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ated onto a lens of an aperture size of 2a, (=2p,/3). A
focusing characteristic fully equivalent to that of the
prior .art is then obviously attributable to this sound
pressure distribution incident to the inside of the lens
aperture, because the acoustic wave incident to the lens
aperture of 2a; (=2p,) in accordance with the prior art
assumes the sound pressure distribution which takes
place at point A, distant from the piezoelectric element
by po2/A and which is similar to the sound pressure
distribution as shown in FIG. 4. N

As a result of computation, axial points like the point
A3 correspond to ones at which the sound pressure
along the lens axis has the maximum value, More partic-
ularly, axial ultrasonic distribution I at an axial point
within the crystalline body which is distant by 1 from
the piezoelectric disk element having a radius of p, is
given by,

| ;. (3)
I=sin2{%—( 412+pa2 — 1)} :

Distance 1, at which the peaks take place satiéﬁes,

(4)
L(Jﬂ-[—pﬂz‘ —l) =(n+ Hm

A
where n=0, 1, ..., so that,

&)

2
2n + DA

| 2
Pﬂz - (M) %2
In

stands.
In the equation (5), for n=0, 1,=p,%/A stands to pro-
vide the Fresnel focal distance; for n=1,

9

stands to provide the point As. In the equation (3),
po> > A holds in general so that 1,~p,2/(2n+ 1)\ stands.
Consequently, it is concluded that axial points to meet
the present invention lie at distances which are 1/(odd
number greater than one) of the Fresnel focal distance.
The analytical result also showed that the axial ultra-
sonic distribution at point A3 has a width within which
the Gaussian-like distribution is present, the width being
expressed as 2p,/3 by using the aperture size of the
piezoelectric element.

A2 ) /3N = po2/3N
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In short, the present invention is based on the afore-
mentioned analytical result and grounded on the fact
that there are axial points within the Fresnel focal dis-
tance at which the Gaussian-like distribution takes
place, that these points correspond to 1/N (N: odd
number greater than one) of the Fresnel focal distance,
and that the width of the Gaussian-like distribution to

meet the present invention is 1/N of the aperture size of

the piezoelectric element.
FIG. § schematically shows one embodiment of an

ultrasonic transducer in accordance with teachings of

the present invention. As shown, a cylindrical crystal-
line body 150 serving as an acoustic wave propagation
medium and made of such a material as sapphire or
fused silica has one surface on which a piezoelectric
element 145 is mounted and the opposite surface in
which a concaved lens 155 is formed. With this con-
struction, for the aperture size of the piezoelectric ele-
ment 143 being 2p,, the lens aperture size is selected to
be 2po/N to make is possible to make use of point Ay

(N=3,5,7,...), and the axial length of the lens crystal-
line body 150 is determined in such a way that the dis-
tance between the piezoelectric element 145 and the
backface focal plane of the lens is p,2/AN. In this man-

ner, it 1s ensured that the acoustic wave of the Gaussian-
like distribution is incident to the lens interface and the

fairly focused beam can be obtained. The present inven-
tor materialized an ultrasonic transducer for use at 1
GHz by using a sapphire crystal lens, with such struc-
tural dimensions as p,1 mm, the lens length is 13 mm
and the lens aperture a is 143 um, which dimensions
correspond to N=7. If a portion of the acoustic wave
other than the Gaussian-like axial ultrasonic distribution
incident to the lens aperture is irradiated onto a portion
of the interface other than the lens aperture and re-
fracted thereat to be transmitted into water (ultrasonic
wave focusing medium 170), the lens characteristics
will be disturbed. Therefore, in accordance with this
embodiment, the portion of the crystal-water interface
other than the lens aperture is applied with an absorbant
160 such as a plastic material of epoxy resin or a vinyl
tape, thereby preventing the sidelobe being transmitted
into the medium 170. The other portion than the lens
aperture is also tapered to prevent the transmission of
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the sidelobe into the medium 170 and to mitigate the
multiple echo within the lens.

If a lens with an aperture size of 143 um according to
this embodiment were prepared in accordance with the
prior art measure, a piezoelectric film with an aperture
size of 143 um would be required which is very difficult
to handle practically, and this film would have an impe-
dance level of 1 K. The piezoelectric film of this em-
bodiment, however, is easy to match with a 50} coaxial
cable. | |

As has been described, the present invention can offer
the piezoelectric film of the aperture size which is easy
to impedance-match with the electrical system and easy
to handle, and the lens aperture size which is 1/(odd
number greater than one) of the piezoelectric film aper-
ture, thereby highly mitigating difficulties in lens design
of the acoustic microscope.

I claim: -

1. An ultrasonic transducer for use at ultra high fre-
quencies comprising: an acoustic wave propagation
medium, a piezoelectric element mounted on one sur-
face of the propagation medium, and an ultrasonic lens
formed in the opposite surface of the propagation me-
dium and having a predetermined focal distance, said
acoustic wave propagation medium having a length in
the direction of the axis of said lens which is 1/N (N:
odd number greater than one) of the Fresnel focal dis-
tance of the transducer. |

2. An ultrasonic transducer according to claim 1,
wherein said piezoelectric element has a larger diameter
size than the aperture size of said lens.

3. An ultrasonic transducer according to claim 1,
wherein said lens has an aperture size which is sufficient
to cause a major beam contained in a sound pressure
distribution occuring at a back-face focal plane of said
lens to pass through said lens aperture.

4. An ultrasonic transducer according to claim 1,
wherein said lens is tapered at an interface contiguousto
a predetermined ultrasonic wave focusing medium in
which the acoustic wave having passed through said
lens 1s focused.

5. An ultrasonic transducer according to claim 1,
wherein said lens is applied with an absorbant at an
interface contiguous to a predetermined ultrasonic
wave focusing medium in which the acoustic wave

having passed through said lens is focused.
* * ¥ ¥ *
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